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Abstract 15 
The agri-food sector has moved towards a more linear production economy, partly caused by 16 
worldwide food demand. One clear example is the intensification of livestock production, with 17 
consequent manure-management and feed-production challenges, the effects of which have led 18 
to large environmental problems. Currently, efforts are being made to move the agricultural 19 
sector towards closed-loop alternatives. To ensure high environmental performance of these 20 
alternatives, realistic quantification of environmental impacts is needed. Thus, using Life Cycle 21 
Assessment (LCA) tools, we analyzed the environmental profile of six closed-loop maize 22 
scenarios focusing on different combinations of mineral fertilizer, digested organic fertilizer 23 
(digestate) from a manure co-digestion biogas plant, and rotation with (or without) catch crops 24 
(CCs) as a strategy to prevent nitrate leaching to groundwater and as a co-substrate in the biogas 25 
plant. 26 
Results demonstrated that replacing a large portion of the mineral fertilizers with digestate 27 
could help offset much of the total potential impact of global warming (by 25-35 %), resource 28 
depletion (by 94-96%), photochemical ozone formation (by 17-22 %), ozone depletion (by 96-29 
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99%) or even avoid it entirely as in freshwater eutrophication. However, digestate production 30 
and application contributed greatly to acidification (51%) and particulate matter (51-52%) 31 
categories, with minor differences depending on the species of CC used. An optimal 32 
combination of both digestate and mineral fertilizers is recommended. The incorporation of 33 
CCs in a maize rotation can reduce freshwater eutrophication impacts but increase global 34 
warming potential. Conclusions were drawn suggesting better management strategies to 35 
decrease environmental impacts of maize production.  36 
 37 
Keywords: Life Cycle Assessment (LCA), maize, catch crop rotation, manure fertilization, 38 
emissions, anaerobic co-digestion 39 
 40 
1 Introduction 41 
In Europe and other developed countries, animal production is intensifying due to growing 42 
livestock populations, shrinking farm numbers, and consequently higher livestock density. For 43 
example, Spain’s pig population increased by 14% from 2006 to 2017, while its total number 44 
of pig farms declined by 55% from 2005 to 2013 (Eurostat, 2018), concentrating most of the 45 
population in seven Spanish provinces – Lleida, Huesca, Zaragoza, Barcelona, Murcia, Segovia 46 
and Badajoz. Lleida and Barcelona are located within the larger region of Catalonia, which 47 
holds 25% of the total pig population (MAPA, 2016). In 2016, livestock production in Catalonia 48 
represented approximately 62% of Catalonia’s total agricultural income, of which pigs, poultry, 49 
cows and crops represented 37%, 10%, 6%, and 34%, respectively, making livestock the main 50 
agronomic activity in the region (MAPA, 2016). Areas with high livestock density produce a 51 
large amount of excess livestock manure with high nutrient contents, due not only to farm 52 
intensification but also the lack of nearby agricultural land on which to apply it. 53 
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Improper management and lack of technological resources to treat manure have led to several 54 
environmental problems, including (1) excess nutrients and pathogens in the soil when manure 55 
is over-applied or illegally dumped onto cropland as fertilizer (Gagliardi and Karns, 2000); (2) 56 
elevated nitrate (NO3
-) concentrations in local drinking water supplies (ACA, 2016); (3) 57 
eutrophication of water bodies that has led to the death of fauna (Camargo and Alonso, 2006); 58 
(4) ammonia (NH3), particulate and odor emissions; (5) emission of greenhouse gases (GHG) 59 
such as methane (CH4) from storage ponds; (6) accumulation of phosphorus (P) and heavy 60 
metals (copper, zinc) in soils and (7) leaching of micro-pollutants such as antibiotics from 61 
manure-based fertilizers (Thorsten et al., 2003).  62 
These problems represent a clear example of a linear production economy within the agri-food 63 
sector. To address the problem of linearity, this study puts into practice the European 64 
Commission’s circular economy action plan (EC, 2015) by valorizing slurry and crop residues 65 
through waste-to-product synergy between livestock farms and crop fields, and complies with 66 
the Nitrates Directive (EC, 1991) by using catch crops (CCs) to absorb nitrates. This synergy 67 
could also help build a collaborative community of farmers and industry professionals and add 68 
value to the main crop. In this study, the slurry was valorized by recovering its nutrients in the 69 
form of fertilizers and biogas through anaerobic digestion. The feasibility of biogas as an energy 70 
source is marked by its manageability, storability, its equivalence to natural gas (if purified to 71 
biomethane) and the ability to continuously operate the plant producing it.  72 
To ensure high environmental performance of alternatives, realistic quantification of 73 
environmental impacts is needed. Thus, this study performed a life cycle assessment (LCA) 74 
with the aim to (i) identify the hotspots in circular maize production using its associated 75 
environmental impacts, (ii) compare the environmental performance of different closed-loop 76 
maize scenarios to conventional ones, and (iii) suggest improvements that may decrease the 77 
environmental impacts. Conventional scenarios were considered as those that use only mineral 78 
fertilizers as opposed to digested organic, manure-based fertilizers (digestates). Among other 79 
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methods (Bockstaller et al., 2009; Lebacq et al., 2013), LCA methodology was adopted for this 80 
assessment since it is the most comprehensive approach that uses multi-criteria analysis and a 81 
perspective of the entire value chain. It is also a standardized approach that follows ISO 82 
standards (ISO-14040, 2006). To our knowledge, this is the first LCA that has analyzed the 83 
implementation of CC rotation and manure treatment in crop production compared to 84 
conventional scenarios, across multiple impact categories. Like the present study, Bacenetti et 85 
al. (2016) have compared similar fertilization strategies for maize, but they excluded: CC 86 
rotations, NH3 emissions from production and storage of digestate in a biogas plant, electricity 87 
and fertilizer credit, and biogas plant infrastructure. They also used background datasets for 88 
mineral fertilizer production instead of regionalized datasets, which is used in the present study. 89 
Similarly, an LCA of wheat with integrated grass/clover rotation and digestate application was 90 
performed (Tidåker et al., 2014), but only analyzed digestate fertilizers and included only a few 91 
impact categories.  92 
Maize was chosen as the main crop for this LCA study due to its widespread cultivation in 93 
Spain and importance as livestock fodder; maize covers 10% of irrigated land in Spain and 94 
contributes 6.5% of total maize production in the European Union (EU) (Eurostat, 2016). This 95 
study analyzed six different maize production scenarios with integrated CC rotation and 96 
different fertilization systems as a strategy for reducing N leaching after fertilizing the main 97 
crop, collecting environmental data on emissions, addressing manure management challenges 98 
and ultimately closing the energy and nutrient loops in the feed-livestock system. Following 99 
the LCA perspective, this study analyzed not only N-derived environmental impacts but also 100 
the other midpoint impact categories recommended by the International Reference Life Cycle 101 




2 Goal and scope 104 
2.1 Objectives of the study 105 
The objective of the study was the environmental assessment of closed-loop alternatives for 106 
maize production, comparing digested manure to mineral fertilizers and the inclusion of CCs 107 
in the rotation. The main processes affecting environmental impacts were identified, and several 108 
fertilization scenarios were compared to identify those with reduced emissions. The study was 109 
developed in the context of the Futur Agrari Life project (LIFE+12 ENV/ES/000647; 2013-110 
2018). Futur Agrari puts into practice manure management and treatment technologies in areas 111 
of Catalonia with a high concentration of livestock farming. Results of the project will help 112 
decrease high nutrient contents of agricultural soil while seeking compatibility with farming 113 
and forestry development. By evaluating different fertilization strategies and integrated CC 114 
rotation options, results of this study will help identify the most effective components that 115 
reduce excess nutrients in the soils. Outcomes of the study may be useful to support decisions 116 
about agricultural practices for farmers, advisors, and stakeholders. 117 
2.2 System description 118 
The system under study was closed-loop livestock production. The closed-loop consisted of 119 
activities from manure management at a biogas plant, digestate application to a maize CC 120 
rotation, use of the maize harvest in livestock feed and use of the CC harvest in anaerobic co-121 
digestion. 122 
An environmental assessment was performed using LCA methodology, following ISO 14040 123 
standards (ISO-14040, 2006). LCA goes hand in hand with circular economy, a business model 124 
based on restorative use of non-renewable resources and product cycles (Mc Donough and 125 
Braungart, 2002). 126 
This study was an attributional LCA that aimed to describe relevant physical input and output 127 
flows of the system, more than its use in decision-making. According to the decision-context 128 
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classification of the ILCD Handbook (EC-JRC, 2010), this study would be considered a C1 129 
situation: description of an existing system, accounting for interactions it has with other systems 130 
(i.e. crediting existing avoided burdens from electricity and mineral fertilizers for the scenarios 131 
using digestate).  132 
2.3 Functional unit 133 
The functional unit (FU) quantifies the performance of a product system, providing a reference 134 
to which the inputs, outputs and results are related. As in most agricultural LCA studies, a mass 135 
FU was chosen. Since the main function of the system was the production of maize, 1 t of 136 
harvested maize dry matter (DM) was selected as the FU. 137 
2.4 System boundary 138 
The system boundary was considered from raw material extraction to the farm gate. Processes 139 
and flows considered in the life cycle inventory (LCI) included inputs and outputs in maize and 140 
CC production (water, seeds, digestate and mineral fertilizers, herbicides, transport of materials, 141 
machinery use, emissions from fertilizer application), as well as inputs and outputs in the 142 
processing of livestock manure at the biogas plant (biogas plant structure, transport of materials 143 
and co-substrate, electricity consumption and emissions from feedstock storage, liquid fraction 144 
(LF) and solid fraction (SF) storage) (Figure 1). All co-products of the biogas plant (electricity, 145 
LF and SF) could replace products with the same function or service. In this case, the LF and 146 
SF from biogas production were considered as organic fertilizers, thus recovering the nutrients 147 
in manure. Part of the electricity generated was used to operate a combined heat and power 148 
(CHP) engine, and the surplus was discharged to the national electricity grid (exported 149 
electricity). Electricity consumption for plant operations was bought from the electrical grid. 150 
Part of the thermal energy produced from biogas combustion was recovered to heat anaerobic 151 
reactors, and the rest was dissipated to the air as waste heat. This thermal energy was not a co-152 
product since it was not recovered to be used in other systems outside of the biogas plant. To 153 
solve the allocation problem, the substitution method was followed, and the system boundary 154 
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was expanded to include the average electricity mix from the national grid (replaced by the net 155 
electricity exported from the biogas plant) and mineral fertilizer production (replaced by the LF 156 
and SF of the digestate). 157 
Material disposal was also included, but not recycling processes, following the cut-off 158 
allocation procedure of Ekvall and Tillman (1997). The lifespan of each component was 159 
considered in the LCA. Livestock production, as well as commercialization of maize and 160 
organic fertilizers from the biogas plant, were excluded from the system since the aim of this 161 
study was to identify ways to improve maize production. 162 
The biogas plant stage included the plant structure (materials and transport to the plant), 163 
electricity consumption, co-substrate transport to the plant and emissions from the manure 164 
storage compartments: influent storage, LF storage, and SF storage. A flow diagram for the 165 
production system is shown in Figure 1. 166 
SimaPro software v. 8.5 (PréConsultants, 2017) was used for the LCA, performing only the 167 
obligatory phases of classification and characterization and without performing normalization 168 
or weighting phases (ISO-14040, 2006). 169 
2.5 Identification of life cycle impact assessment methods to be applied 170 
The indicators and impact categories for the LCA were selected from the ILCD Midpoint+ 171 
method (EC-JRC, 2012): global warming potential (GWP, kg CO2 eq), ozone depletion 172 
potential (ODP, kg CFC-11 eq), particulate matter potential (PMP, kg PM 2.5 eq), 173 
photochemical ozone formation potential (POP, kg NMVOC eq), air acidification potential 174 
(AAP, molc H+ eq), freshwater eutrophication potential (FEP, kg P eq), marine eutrophication 175 
potential (MEP, kg N eq), land use potential (LUP, kg C deficit) and mineral, fossil and 176 
renewable resource depletion potential (RDP, kg Sb eq). They were selected because of their 177 
relevance to agricultural production and energy-related processes. RDP and GWP are important 178 
indicators related to energy consumption. Emissions related to agricultural inputs, such as 179 
mineral fertilizers, are major contributors to GWP because of the energy consumed in the 180 
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manufacturing process. NH3, NO3 and nitrous oxide (N2O) emissions from N fertilizer 181 
application are principal contributors to AAP, FEP, MEP, and GWP, respectively. Moreover, 182 
NH3 and CH4 emissions from manure storage are important contributors to AAP and GWP as 183 
well. Emission contribution to POP and PMP may have significant consequences on human 184 
health, ecosystems and the crops in question.  185 
   186 
Figure 1. System flow diagram for the production of 1 t of maize. Crop emissions: emissions due to 187 
organic and mineral fertilizer application to the maize crop; Seeds: seed production and transport; 188 
Machinery use: machinery and diesel production, and emissions from machinery use. T: transport, AD: 189 
anaerobic digestion, CHP: combined heat and power engine 190 
 191 
2.6 Scenarios 192 
Six scenarios for maize production were considered that differed in two aspects: type of 193 
fertilization (digestate fertilization, DF vs. mineral fertilization, MF) and presence and species 194 
of CC (black oat (Avena strigosa), Italian ryegrass (Lolium multiflorum), or forage rapeseed 195 
(Brassica napus). The six scenarios were as follows: maize with DF and black oat, ryegrass or 196 
forage rapeseed CC rotation (SC1, SC2 or SC3, respectively), maize with DF but without CCs 197 
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(SC4), maize with MF but without CCs (SC5), and maize with MF and black oat CC rotation 198 
(SC6).  To compare CC scenarios fairly and because most farmers in the area do not use DF, 199 
SC6 was considered the baseline scenario. Scenarios SC1-3 (DF+CCs) were considered as 200 
feasible alternatives to reduce NO3
- leaching. Scenarios SC1-4 and SC6 were performed on an 201 
experimental field in Girona, Catalonia, Spain. SC5, a virtual scenario, is useful to compare to 202 
SC6 since it uses MF but without CCs to emphasize the possible efficacy of CCs, and is also a 203 
common practice in the area. SC5 was assumed to have the same inputs and outputs as SC6 204 
except for all processes related to CCs (including NO3
- absorption). Table 1 summarizes the 205 
main differences among the six treatments, and Table 2 shows their estimated fertilizer 206 
application emissions. 207 
 208 
Table 1. Mean yields and inputs (2014-2016) for the six fertilization and catch crop scenarios (SC). FM: 209 
fresh matter, DM: dry matter, CAN: calcium ammonium nitrate 27%, N/A: not applicable 210 
Parameter 
Unit SC1 SC2 SC3 SC4 SC5 SC6 
Fertilization treatment Digestate1 Digestate1 Digestate1 Digestate2 Mineral Mineral 






none none Black oat 
Maize yield, FM t/ha 64.42 62.32 62.49 59.98 66.77 66.77 
Maize yield, DM t/ha 22.49 22.49 21.72 20.75 22.82 22.82 
Catch crop yield, FM t/ha 21.15 28.59 44.44 N/A N/A 18.03 
Catch crop yield, DM t/ha 5.01 6.14 5.50 N/A N/A 4.74 
Inputs        
Digestate t/ha 37.50 37.50 37.50 37.50 N/A N/A 
N, digestate kg N/ha 170 170 170 170 N/A N/A 
N, mineral CAN kg N/ha 40.5 40.5 40.5 40.5 70 70 
N, mineral 15-15-15 kg N/ha N/A N/A N/A N/A 100 100 
N, total kg N/ha 210.5 210.5 210.5 210.5 170 170 
Machinery, fuel 
consumption L/ha 170 170 170 117 117 170 
1Liquid fraction (LF) of digestate from a biogas plant in Vilademuls, Spain, with catch crop co-substrate  211 
2LFof digestate from a biogas plant in Vilademuls, Spain, with sewage sludge and industrial food waste co-212 
substrates 213 
 214 
Table 2. Estimated emissions from fertilizer application for each scenario (SC). CC: catch crop, N/A: not 215 
applicable 216 
Emissions to air Unit SC1  SC2, SC3 SC4 SC5 SC6 
Fertilization treatment Digestate1 Digestate1 Digestate2 Mineral Mineral 
Catch crop species Black oat 
Italian ryegrass or 





NH3 kg/ha 23.62 23.62 23.62 4.49 4.49 
NOx, as NO2 kg/ha 6.00 6.00 6.00 3.84 3.84 
N2O, direct and indirect kg/ha 3.54 3.54 3.54 1.81 1.81 
PM2.5, from maize crop kg/ha 1.04 1.04 1.04 1.04 1.04 
PM10, from maize crop kg/ha 20.65 20.65 20.65 20.65 20.65 
PM2.5, from catch crop kg/ha 0.60 0.60 N/A N/A 0.60 
PM10, from catch crop kg/ha 11.25 11.25 N/A N/A 11.25 




NO3-  kg/ha 9.57 0.00 139.34 79.69 6.22 




Phosphorus kg/ha 0.0025 0.0025 0.0025 0.0025 0.0025 
1Liquid fraction (LF) of digestate from a biogas plant in Vilademuls, Spain, with catch crop co-substrate  217 
2LF of digestate from a biogas plant in Vilademuls, Spain, with sewage sludge and industrial food waste co-218 
substrates 219 
 220 
2.7 Data collection 221 
Primary data for crop production and management were obtained from Mas Badia Experimental 222 
Station in Girona from yearly crop monitoring over the crop rotation period from April 2014 to 223 
April 2017, and thus were three-year means. Data referred to crop yield, organic and mineral 224 
fertilizer composition and consumption, and water and seed consumption. Nutrient contents of 225 
organic fertilizers were obtained yearly by analyzing the LF of digestate samples. Daily climate 226 
data were provided by the weather station at the experimental station. Data on the types of 227 
machinery used and operation time also came from the experimental station and farmers in the 228 
area. 229 
All primary data related to biogas plant structure, management and operation were provided 230 
from the biogas plant under study in Vilademuls, Girona, from 2013 to 2016, where monitoring 231 
times and emissions from slurry storage were obtained by Torrellas et al. (2018). Lifespans of 232 
biogas plant infrastructure components were estimated from the literature (LIFE ES-WAMAR, 233 
2011).  234 
Secondary data were obtained from the ecoinvent database v. 3.5 (Wernet et al., 2016), 235 
including those for the manufacture of biogas plant components, tractor, tillage machinery, 236 
mineral fertilizers, seeds and herbicide; the electricity production mix and diesel production; 237 
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and material transports. The electricity production mix was adapted according to the Spanish 238 
electricity mix in 2015 (REE, 2015). The electricity production processes most similar to those 239 
in the production system were selected. The mineral fertilizer production mix was also adapted 240 
according to the Spanish fertilizer market from 2014 to 2016 (ANFFE, 2017). Data for silage 241 
plastic was obtained from literature (Robledo and Martín, 1981). All LCIs for all stages can be 242 
found in the Supplementary Material. Data Quality Rating guidelines from the ILCD Handbook 243 
(EC-JRC, 2010) were used to rate the quality of the LCI data. 244 
 245 
3 Inventory analysis 246 
In the maize production system under study, two main activities were identified: maize CC 247 
rotation, to produce maize biomass, and the biogas plant, to process cow manure into biogas 248 
and digestate to be used as organic fertilizer in maize crop production. In the LCA, flows and 249 
processes of the production system were structured into several stages to facilitate compilation 250 
of data and interpretation of results. 251 
 252 
3.1 Crop rotation 253 
Crop rotation included all activities and inputs to produce maize and CC biomass, as well as 254 
emissions produced during the cropping period. Maize was the main crop in the rotation, and 255 
the CC was the secondary crop. 256 
Table 1 shows the main yields and inputs of the six scenarios assessed. Crop techniques were 257 
those usually used for maize crops in the area. The soil was first tilled mechanically (Table S5). 258 
Subsequent machinery operations for which data were collected include digestate application 259 
(SC1 -4), soil preparation for sowing, maize sowing, and application of herbicide and a mineral 260 
fertilizer supplement (Table S5). The maize crop was furrow irrigated 5-6 times per season. 261 
Maize was sown in April and harvested at the end of summer of the same year; exact dates are 262 
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shown in the Supplementary Material (Table S1). In scenarios without a CC, the soil remained 263 
fallow. 264 
Catch crop production was analyzed as a separate stage, which included its own machinery 265 
operations, seeds, ensilage, and on-farm transport of fresh CC matter a distance of 3 km to the 266 
ensilage area and its corresponding particulate matter emissions.  The CC was sown from 267 
September to October, after appropriate soil tillage. No fertilizer, irrigation or herbicide was 268 
applied to CCs. The CC was harvested in March of the following year. After harvest, the CC 269 
was ensiled for six months and then used as a co-substrate at the biogas plant (Table S6). 270 
3.2 Fertilization treatments 271 
Six fertilization treatments were applied among the scenarios (Table 1). DF was applied in SC1, 272 
SC2, SC3, and SC4. A mineral fertilizer supplement (calcium ammonium nitrate (CAN) 27%) 273 
was also applied during the growing season in Summer to achieve maize production 274 
requirements along with the DF (Table 1). Calcium ammonium nitrate (27%) and 15-15-15 NPK 275 
fertilizer was applied in SC5 and SC6 as MF.  276 
3.2.1 Digestate fertilization 277 
Digestate was produced using anaerobic digestion and cow slurry from a nearby dairy cow 278 
fattening farm and stored as a LF in the biogas plant in Vilademuls, Girona. Digestate fertilizer 279 
was transported 2 km from the biogas plant to the maize field by tractor. Digestate fertilizer 280 
was applied in March of every year using multiple hoses that hung from the back of a truck a 281 
few cm from the ground to reduce NH3 volatilization, then later incorporated into the soil using 282 
a rotary tiller and tractor within 24 h of application. For information about specific 283 
characteristics of the digestate, refer to the Supplementary Material (Table S2). 284 
3.2.2 Mineral fertilization 285 
Production of mineral fertilizers was included in the LCA. Datasets for N, P and K mineral 286 
fertilizers were regionalized according to Spanish market data from 2014 to 2016 (ANFFE, 287 
2017) using the method described in the French database AGRIBALYSE (Koch and Salou, 288 
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2016). The amount of each nutrient was adapted to Spanish market values and as well as the 289 
transport of N, P and K fertilizers (LCI Available upon request). It was assumed that all 290 
imported mineral fertilizers came from the same sources as those in AGRIBALYSE, via road 291 
and ship to Spanish suppliers. Distances were regionalized into t∙km.  292 
3.2.3 Fertilizer application emissions 293 
Emissions from fertilizer application were estimated following the methodologies described 294 
below, where emission factors and models were adapted to climatic characteristics of the area. 295 
Final emission estimates are shown in Table 2. The N emissions considered were NH3, N2O, N 296 
oxide (NOx) emissions to air and NO3
- leaching to groundwater. P emissions due to surface 297 
water erosion were also considered. A detailed explanation including equations of all fertilizer 298 
emissions can be found in the Supplementary Material.  299 
Total NH3 emissions equaled the sum of NH3 emissions produced by mineral fertilizers and 300 
NH3 emissions from digestate fertilizers.  The former was estimated as a function of the N 301 
content of each mineral fertilizer applied (kg N/ha, Table 1) and the N-NH3 Tier 2 emission 302 
factors per kg N of the mineral fertilizer in basic soil (pH > 7) (EEA, 2013). NH3 emissions 303 
from digestate were estimated as a function of the amount of N in digestate applied (kg N/ha, 304 
Table 1), the Total Ammonia Nitrogen (TAN) per total kg N in digestate (0.59 kg N-NH3/kg N 305 
total), and the N-NH3 emission factor for cow-manure digestate (0.194 kg N-NH3/ kg TAN). 306 
This last emission factor depended on weather conditions (mean air temperature 9°C, wind 307 
speed <1.6m/s and 51.84 mm rainfall, from November-March 2014 – 2016, primary data), 308 
machinery used (hoses) and the time between fertilizer deposition and incorporation (<24 h) 309 
(Bittman et al., 2014; Soogard et al. 2002).  310 
NOx emissions were estimated as a function of the conversion factor from N-NO2 to NO2, the 311 
N content of the digestate applied, and the recommended NOx emission factor (EEA, 2013) 312 
(regardless of whether the fertilizer was organic or mineral) (Table 1).  313 
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Total N2O emissions equalled the sum of direct and indirect N2O emissions. Direct N2O 314 
emissions were estimated as 1% of the total N from mineralization, mineral fertilizers, digestate 315 
and existing crop residues (0.006 kg N/ha) (IPCC, 2006). Indirect N2O emissions were 316 
estimated as a function of emissions from NH3, NOx, and N applied, and fertilizer volatilization 317 
factors (IPCC, 2006). Since the crops were located in a semi-arid zone (precipitation is less than 318 
half of the evaporation), NO3
- emissions did not contribute to N2O emissions (IPCC, 2006). 319 
To capture the influence of application time, crop growth stage and weather conditions on 320 
potential NO3
- leaching, total NO3- emissions were estimated during seedling development from 321 
March to May, jointing, flowering and filling stages from June to August, and the CC or fallow 322 
period from September to March. The method used to calculate NO3
- leaching during these four 323 
time intervals can be found in the Supplementary Material.  324 
Due to the basic soil and field slopes of <3%, P leaching and phosphate (PO4
3-) runoff were 325 
considered irrelevant. However, P emissions due to surface water erosion were relevant and 326 
were calculated as a function of the Universal Soil Loss Equation (Bos et al., 2016), the P 327 
content of the surface layer of soil, a correction factor that reflected that eroded soil has more 328 
P content than the average (1.86) (Wilke and Schaub, 1996), and another correction factor that 329 
depends on the distance to the watercourse. Considering streams as watercourses and a mean 330 
distance of <100 m to the watercourse, a default value of 15% was used (Prashun, 2006).  331 
Emissions from fertilizer production, except for those related to toxicity, were also included in 332 
the fertilizer stage.  333 
3.3 Water consumption 334 
Water consumed to produce the maize crop was rainwater (1958 m3/ha/yr) and irrigation water 335 
(4072 m3/ha/yr). CC consumed only rainwater (2415 m3/ha/yr). 336 
3.4 Seeds 337 
The seed stage included the production of seeds for maize and CCs, and their road transport to 338 
the field by a 16–32 t Euro 5 lorry for an estimated distance of 50 km. 339 
15 
 
3.5 Machinery operations 340 
Machinery operations for maize cultivation included soil preparation, sowing, fertilizer 341 
application, herbicide spraying and harvesting (Supplementary Material, Table S5). Operations 342 
for CC cultivation included soil preparation, sowing, harvesting, 3 km of transport to the harvest 343 
storage area and materials and processes related to silage (Tables S5 and S6). 344 
For each agricultural operation, a dataset was built based on field measurements of working 345 
time and a 120 HP tractor with a corresponding operation implement. This type of tractor was 346 
used on the experimental field and was recommended by farmers in the area. Diesel 347 
consumption was estimated using a Tractor-implement tool in Microsoft Excel® 348 
(MAGRAMA, 2008) as a function of the machine power, working time and load weight, all 349 
provided by farmers in the area (Table S5). Emissions from fuel combustion are dependent on 350 
the amount of diesel consumed (Janulevičius et al., 2013), thus were estimated (shown in Table 351 
S4) following methodology by Nemecek and Kagi (2007) - the product of the amount of diesel 352 
consumed during the agricultural activity and corresponding emission factors (SAEFL, 2000; 353 
Nemecek and Kagi, 2007; Rinaldi & Stadler, 2002). Particulate matter emissions to air from 354 
tractor operations were estimated (Table 2) as a product of the cultivated area, the number of 355 
times the practice was carried out and Tier 2 soil cultivation emission factors for dry climate 356 
conditions (EEA, 2013). The specific amount of machinery (Table S5) required for each 357 
agricultural process was calculated by multiplying the weight of the machinery by the operation 358 
time divided by the lifetime of the machinery (lifetime from Planas de Martí, 2019.; equation 359 
and weight from Nemecek and Koch, 2007).  360 
3.6 Herbicide treatments 361 
CAMIX® herbicide was applied at 3.5 kg/ha, and the production of its active ingredients (40% 362 
metolachlor and 4% mesotrione) were considered in the assessment. 363 
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3.7 Digestate production 364 
The biogas plant located in Vilademuls, Girona, was built to process manure produced on a 365 
dairy farm with a mean processing capacity of 36 000 t/yr of cow slurry and agricultural food 366 
waste (co-substrates). Biogas plant data were collected for infrastructure components and 367 
materials, feedstock, plant energy consumption, electricity generation, CHP efficiency and 368 
plant management and operations (Tables S7-S10). Infrastructure waste was transported by a 369 
16-32 t lorry to the waste management plant for a mean distance of 75 km. 370 
NH3, N2O, CH4, and hydrogen sulfide emissions were measured in the field from manure 371 
storage compartments using a Lindvall hood. Samples were analyzed in the laboratory to 372 
determine gas emission rates (Torrellas et al., 2018). CC from the rotation with maize were the 373 
co-substrates considered in this study. 374 
3.8 Digestate transport 375 
As mentioned, digestate was transported 2 km from the biogas plant to the field by a tractor. 376 
 377 
4 Results and discussion 378 
The life cycle impact assessment estimated environmental impacts of the six maize scenarios 379 
per t of maize DM (” 380 
  381 
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Table 3). Regarding data quality, the reliability and technological, geographical and temporal 382 
representativeness of the data was verified, and the data collected had a Data Quality Rating of 383 
1.5 on a scale from 1 to 5, in which 1 is “very good quality”, and 5 is “very poor quality.” 384 
  385 
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Table 3. Estimated impacts of scenarios with digestate fertilization (DF) or mineral fertilization (MF) and a catch 386 
crop (CC) or no CC per t of maize dry matter. Font formatting identifies the largest (bold), second largest (wavy 387 
underline) and smallest (straight underline) impact for each impact category. Refer to Section 2.5 for the 388 
meaning of impact category acronyms. 389 
Impact 
category 
Unit SC1 SC2 SC3 SC4 SC5 SC6 
GWP kg CO2 eq 6.5 × 10
1 7.4 × 101 7.5 × 101 4.5 × 101 9.0 × 101 1.0 × 102 
ODP kg CFC-11 eq -6.1 × 10
-8 3.6 × 10-7 1.1 × 10-7 -4.1 × 10-6 8.7 × 10-6 1.0 × 10-5 
PMP kg PM2.5 eq 3.6 × 10
-1 3.6 × 10-1 3.7 × 10-1 2.8 × 10-1 1.9 × 10-1 2.6 × 10-1 
POP kg NMVOC eq 5.0 × 10
-1 5.3 × 10-1 5.3 × 10-1 3.5 × 10-1 5.3 × 10-1 6.4 × 10-1 
AAP molc H+ eq 7.4 × 10
0 7.5 × 100 7.7 × 100 7.8 × 100 1.3 × 100 1.4 × 100 
FEP kg P eq -1.4 × 10
-2 -1.1 × 10-2 -1.3 × 10-2 -2.0 × 10-2 2.5 × 10-2 2.7 × 10-2 
MEP kg N eq 5.0 × 10
-1 5.0 × 10-1 4.7 × 10-1 1.8 × 100 1.0 × 100 3.7 × 10-1 
LUP kg C deficit 4.9 × 10
3 6.2 × 103 4.6 × 103 4.7 × 103 4.4 × 103 4.8 × 103 
RDP kg Sb eq 3.6 × 10
-4 6.9 × 10-4 3.5 × 10-4 -1.3 × 10-3 9.5 × 10-3 1.1 × 10-2 
 390 
Production processes contributed to different degrees to the impacts of each scenario (Figure 391 
2).  392 
The results were not univocal; no scenario outperformed the others in all of the categories 393 
analyzed. Scenario SC6 had the highest impacts per t of maize DM in five of the nine impact 394 
categories (GWP, ODP, POP, FEP, and RDP) but low impacts for AAP and MEP (” 395 
  396 
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Table 3). SC5 had the second highest impacts in six of the nine categories (GWP, ODP, POP, 397 
FEP, MEP, and RDP) but the lowest impacts in three categories (PMP, AAP, and LUP). 398 
Scenarios SC1, SC2 and SC3 had the highest impacts for PMP, and DF scenarios generally had 399 
the highest impacts for AAP. Scenario SC4 had the lowest impacts in five of the nine impact 400 
categories (GWP, ODP, POP, FEP, and RDP) but the highest impacts for MEP and AAP. Each 401 
impact category was then analyzed independently to compare the scenarios and the 402 






Figure 2. Contribution (%) of production processes to total environmental impacts for scenarios 1, 4, 5 and 6 (the baseline scenario) for Spanish maize production with 407 
integrated catch crop (CC) rotation and biogas generation. [Refer to Section 2.5 for the meaning of impact category acronyms]. Due to similarities between 408 
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4.1 Global warming potential (GWP) 410 
Among the DF scenarios, SC4 had the lowest GWP, followed by SC1, SC2, and SC3 (4.5, 6.5, 411 
7.4, and 7.5 × 101 kg CO2 eq, respectively). The machinery used in catch crop cultivation in 412 
SC1, SC2, and SC3 can contribute between 10-12% to the total GWP. Thus, an absence of CCs 413 
can reduce GWP by this same amount (Figure 2).  The main emissions that contributed to 414 
machinery use were GHGs such as carbon dioxide (CO2) and N2O. The use of more efficient 415 
machinery would help reduce GHG emissions. 416 
Digestate production in the biogas plant avoided total GWP impacts by 12 - 30% (Figure 2) 417 
across all DF scenarios due to avoided use of the electricity mix, showing that biogas plants 418 
can help achieve the EU’s decarbonization goal. Additionally, and overall, DF scenarios (SC1, 419 
2, 3, 4) had 35%, 26%, 25% and 55% lower total GWP, respectively, than the baseline SC6. 420 
These results agree with those of Bacenetti et al. (2016), whose DF scenarios had lower GWP 421 
than MF scenarios. 422 
SC6 had the highest GWP (1.0 × 102 CO2 eq, Table 3), due mainly to mineral fertilizer 423 
production (47% of its total GWP), of which N fertilizers contributed the most (36% of its total 424 
GWP), compared to PO4
3- (4%) and K (4%) fertilizers. 425 
Other significant contributors to total GWP included N2O emissions from fertilizer application, 426 
especially in DF scenarios (40-43%), and CO2 from the combustion of fossil fuels in 427 
agricultural machinery (18-19%) (Figure 2). Recall, however, that we used a fixed emission 428 
factor of total N applied to estimate N2O emissions. The true emission factor depends on the 429 
specific type of fertilizer, the soil, and the climate. Nkoa (2014) pointed out that due to a lower 430 
content of easily degradable carbon (C) in digested feedstock, N2O emissions from digested 431 
feedstock are generally lower than those from undigested feedstock, which could decrease the 432 




4.2 Freshwater eutrophication potential (FEP) 435 
Scenario SC6 had the highest FEP (2.7 × 10-2 kg P eq), followed by SC5 (2.5 × 10-2 kg P eq) (” 436 
  437 
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Table 3). This was due to indirect effects of electricity use by machinery in upstream 438 
manufacturing processes, specifically, PO4
3- emissions to water from landfill disposal of coal 439 
mining waste and the corresponding 17% of coal-generated electricity in the Spanish electricity 440 
mix (average from 2014 to 2017; REE, 2017).  441 
Among the DF scenarios, SC4 had the lowest FEP (-2.0 × 10-2 kg P eq), because the absence 442 
of CC led to less machinery use, and thus lower PO4
3- emissions to water from disposal of coal 443 
mining waste. DF scenarios had negative FEP values, due mainly to avoided electricity use and 444 
mineral fertilizer production (these scenarios generated its own electricity and digestate 445 
fertilizer in the biogas plant nearby) (Figure 2). Unlike in the present study, Bacenetti et al. 446 
(2016) found that fertilizer application rather than mineral fertilizer production, contributed the 447 
most to FEP. This difference is primarily due to the different local conditions (e.g., soil or 448 
climate), practices (fertilizer incorporated after three days using a broad sprayer) and dataset 449 
processes they used for fertilizers. This highlights the importance of using more appropriate 450 
site-specific LCIs for mineral fertilizer production. DF+CC scenarios had similar FEP since 451 
they had the same life cycle stages and inputs; thus, differences among them were due to 452 
differences in CC and maize yields. 453 
 454 
4.3 Marine eutrophication potential (MEP) 455 
CC scenarios had lower MEP than those that did not use CCs. The MEP of DF+CC scenarios 456 
varied little. Compared to the mean MEP for DF+CC scenarios, SC4 MEP can be reduced by 457 
73% if CCs are used. Likewise, between the MF scenarios, using CCs can reduce MEP by 63% 458 
(Table 3). Previous studies also conclude that catch or cover crops can reduce eutrophication 459 
potential by absorbing eutrophying compounds such as NO3
- from the soil (Kim and Dale, 2005; 460 
Prechsl et al., 2017).  461 
Scenarios without CCs (SC4 and SC5) had higher per-hectare NO3
- leaching (139.34 and 79.69 462 
kg NO3
-/ha, respectively) than scenarios with CCs (9.57, 0, 0 and 6.22 kg NO3
-/ha for SC1, 463 
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SC2, SC3, and SC6, respectively) (Table 2). NO3
- leaching is one of the primary concerns of 464 
manure application (Nkoa, 2014); hence, using a CC can help decrease it.  465 
NO3
- leaching depends on when, how and how many fertilizers are applied, thus, an optimal 466 
combination of organic and mineral fertilizers is recommended and application by injection or 467 
hose deposition during growing stages is also advised (Furtur Agrari, 2018). For example, SC4 468 
had higher nitrate emissions to groundwater than SC5, showing that the amount of digestate 469 
added was too high, contributing to higher MEP impacts. Therefore, a sensitivity analysis was 470 
conducted to demonstrate how a reduction in digestate quantity could reduce its corresponding 471 
environmental impacts. The analysis indicated that reducing the amount of DF in SC1 by 10% 472 
or 20% would reduce MEP by approximately 10% or 14%, respectively (Table 3, Table 4). 473 
Only SC1 was analyzed because SC2 and SC3 had similar results and trends, and SC1 can be 474 
compared to the baseline scenario (SC6) since both used an oat CC. Reduction of up to 20% 475 
was chosen since it would provide similar fertilizer application (kg N/ha) as in the conventional 476 
scenarios (SC5 and SC6). 477 
That being said, this study brings to light important trade-offs that need to be addressed: CCs 478 
can reduce MEP, but increase GWP and PMP. These impact trade-offs make it more difficult 479 
to decide which environmental impact is more important (e.g., MEP or GWP) and furthermore 480 
exacerbate the ability to decide which scenario/practice performs better. One may consider 481 
global impacts such as GWP more critical than local impacts such as MEP, as often occurs in 482 
LCIA studies, but we wanted to focus this study on local impacts caused by the large amount 483 
of excess livestock manure. However, ideally, international weighting consensus factors for 484 
impact categories need to be established first in order to avoid value-selection bias. 485 
  486 
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Table 4. Impacts before and after a 10% or 20% reduction in the amount of digestate fertilizer applied to 487 





















4.4 Mineral, fossil and non-renewable resource depletion potential (RDP) 509 
MF scenarios (SC5 and SC6) had the highest RDP (9.5 × 10-3 and 1.1 × 10-2 kg Sb eq, 510 
respectively) (” 511 












GWP kg CO2 eq 6.5 × 10
1 6.1 × 101 5.6 × 101 
ODP kg CFC-11 eq -6.1 × 10-8 5.1 × 10-8 5.1 × 10-8 
PMP kg PM2.5 eq 3.6 × 10-1 3.5 × 10-1 3.4 × 10-1 
POP kg NMVOC eq 5.0 × 10-1 4.8 × 10-1 4.5 × 10-1 
AAP molc H+ eq 7.4 × 100 6.7 × 100 6.3 × 100 
FEP kg P eq -1.4 × 10-2 -1.4 × 10-2 -1.4 × 10-2 
MEP kg N eq 5.0 × 10-1 4.5 × 10-1 4.3 × 10-1 
LUP kg C deficit 4.9 × 103 4.9 × 103 4.9 × 103 
RDP kg Sb eq 3.6 × 10-4 4.1 × 10-4 4.1 × 10-4 
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Table 3). SC6 had higher RDP than SC5 due to greater resource use during CC cultivation and 513 
silage, where oat production contributed 10% to the total RDP (Table 3). 514 
Use of mineral fertilizers contributed 77% and 85% to the total RDP for SC6 and SC5, 515 
respectively. Other contributors in these latter scenarios included machinery use (11-12% of 516 
total RDP) and seed production (2%). In contrast, machinery (20%) and CC production (17%) 517 
contributed the most to the DF+CC scenarios (Figure 2). Total RDP can be reduced by 94-96% 518 
when some of the mineral fertilizers is replaced by digestate when comparing DF+CC scenarios 519 
to SC6 since digestate production would avoid resource use during mineral fertilizer production 520 
(Table 3). Previous LCAs of crop rotation and biogas production also showed that replacing 521 
mineral fertilizer with digestate and diesel with biogas reduces the use of fossil fuels 522 
substantially (Tidåker et al., 2014).  523 
 524 
4.5 Air acidification potential (AAP) 525 
DF scenarios clearly had higher AAP (7.4 - 7.8 molc H+ eq) than MF scenarios (1.3 - 1.4 526 
molc H+ eq) (” 527 
  528 
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Table 3). This was due in part to (i) larger amounts of NH3 emitted per kg of N fertilizer from 529 
digestate (0.67 kg NH3/kg N) than from 15-15-15 and CAN fertilizers (0.037 and 0.022 kg 530 
NH3/kg N, respectively) and (ii) higher NH3 volatilization during fertilizer production and 531 
storage in DF scenarios compared to MF (43-44% and 23-25% of total AAP, respectively). 532 
Previous studies also concluded that AAP increases when N mineral fertilizer is replaced by 533 
digestate (Björnsson et al., 2013; Lijó et al., 2014). During anaerobic digestion, large fractions 534 
of C compounds are converted to CH4 and CO2, which are collected as biogas. As a result, the 535 
proportion of C in biogas residues decreases while that of N increases in the form of NH4
+. 536 
High pH and NH4
+ concentrations, in turn, increase NH3 emissions (Nkoa, 2014).  537 
The substance that was the second greatest contributor to total AAP was nitrogen dioxide (NO2) 538 
(3% in DF and 14-15% in MF), mainly from machinery. Like for FEP, DF+CC scenarios had 539 
similar AAP, with small differences due to variability in CC and maize yields. 540 
Improving biogas plant management, application techniques and applying an optimal 541 
combination of DF and MF would decrease AAP. The best available techniques to reduce AAP 542 
include applying fertilizer near the ground with hoses (as in this study) or through injection, 543 
and incorporating the fertilizer within 24 h after application. Since digestate has higher NH3 544 
emissions per kg N than mineral fertilizers, reducing the amount of DF applied by 20% in SC1 545 
can reduce AAP by 15% compared to that in the baseline scenario (Table 4). Additionally, the 546 
volume and nutrient concentration of slurry can be reduced at the origin by adjusting the diets 547 
and amount of water given to livestock (Futur agrari, 2018). Although DF scenarios may have 548 
higher AAP, providing cropping systems with N from multiple sources such as manure can help 549 
accumulate soil organic C (SOC) (Jensen et al., 2012). However, practical implementation of 550 
SOC indicators in LCIA is currently very limited (Oberholzer et al., 2012, Teixeira et al., 2016) 551 




4.6 Particulate matter potential (PMP) and photochemical ozone formation potential 554 
(POP) 555 
PMP and POP depended strongly on machinery use in all scenarios; thus, CC scenarios had 556 
higher PMP and POP due to higher PM<2.5µm, PM<10µm, NO2 and SO2 emissions from 557 
combustion of fossil fuels by machinery. For example, CC production contributed ~20% and 558 
27% of total PMP in DF+CC scenarios and SC6, respectively, in addition to ~14% and 17% of 559 
total POP in DF+CC and SC6, respectively (Figure 2).  560 
PMP also depended on fertilizer application (51-71%, from NH3 and NOx emissions), LF 561 
digestate production (15-19% in DF scenarios, from NH3 and CH4 emissions), and mineral 562 
fertilizer production (16% and 22% in SC6 and SC5, respectively; 2-3% in DF+CC scenarios) 563 
(Figure 2). Thus, DF scenarios had higher PMP than MF scenarios due to NH3 and CH4 564 
emissions from LF digestate storage. If the amount of digestate were reduced by 10% or 20%, 565 
total PMP could be reduced by 3% or 6%, respectively (Table 4).  566 
PMP can also be reduced by using or replacing machinery engines with newer, cleaner ones 567 
(e.g., stage III or IV engines) or retrofitting machinery with diesel particulate filters. These 568 
devices trap particulate matter before it is emitted. They can be fitted to almost any type of 569 
diesel vehicle and equipment (Client Earth, 2013).  570 
Contributions of NH3 and NOx emissions to PMP and POP can also be reduced by changing 571 
the method of fertilizer application. By incorporating the fertilizer within hours of application 572 
instead of days, or even better, injecting it into the soil, less NH3 and NOx could be emitted to 573 
the air (Bacenetti et al., 2016).  574 
Comparing the influence of fertilization treatment on POP, DF decreased POP by 22% 575 
comparing SC1 to that of SC6 due to avoided nitric acid, NH3, and sulfuric acid production, 576 




4.7 Ozone depletion potential (ODP) 579 
Ozone depletion potential depended strongly on electricity use and thus its production. 580 
Specifically, ODP of SC2 and SC3 were 96% and 99% lower than those of MF scenarios, 581 
respectively, or negative in the case of SC1 and SC4 (meaning ODP impacts were avoided), 582 
due to the substitution of the electricity mix (Table 3Figure 2). This highlights that 583 
environmental impacts of electricity production in Spain can be reduced substantially if 584 
renewable energy, such as from biogas plants, were used more often. 585 
 586 
4.8 Land use potential (LUP) 587 
Among DF+CC scenarios, SC2 had the highest LUP, followed by SC1 and SC6 (6.2, 4.9, 4.8 588 
× 103 kg C deficit, respectively). This was due to the influence of combined CC and maize DM 589 
yields, which was the highest for SC2 (28.63 kg/ha maize + rye), followed by those of SC1 590 
(27.50 kg/ha maize + oat) and SC6 (27.50 kg/ha maize + oat) (Table 1). SC1 had slightly higher 591 
LUP than SC6, due to the land transformation required to build the biogas plant in the former, 592 
since their crop yields were similar. 593 
LUP can help highlight alternatives that may have lower land-use impacts. However, LUP is 594 
site-specific and depends on the geography of each area. The LCIs chosen were based on 595 
European averages and not necessarily specific to Spain nor the experimental region of Girona. 596 
Thus, the estimates for LUP are even more uncertain than those for other impact categories.  597 
 598 
5 Conclusion 599 
This LCA study estimated environmental impacts of six maize production scenarios in Girona, 600 
Spain, and suggested better management strategies and alternatives to incorporate closed-loop 601 
production, showing the efficacy of LCA as a useful tool to improve agronomic practices from 602 
an environmental viewpoint.  603 
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The results clearly demonstrated that using more organic digestate fertilizers than mineral 604 
fertilizers can help offset a large part of the environmental impacts related to the following 605 
impact categories: (i) GWP and FEP, mainly due to generation of renewable energy and avoided 606 
use of electricity from fossil energy; and (ii) RDP, POP and ODP, due to replacing mineral 607 
fertilizer with digestate, leading to a reduction in impacts of mineral fertilizer production. 608 
However, due to its high ammonium content, digestate from cow manure can greatly influence 609 
AAP; in particular, storage time and application method are aspects to consider. Thus, to reduce 610 
acidification, it is recommended to reduce the amount of digestate by 10-20% and incorporate 611 
fertilizers within 24 h of application.   612 
Generating on-site biogas electricity as well as using machinery that is more efficient can reduce 613 
GWP. Furthermore, replacing mineral fertilizers with digestate can decrease RDP. Catch crops 614 
have also played a vital role in reducing nutrient leaching. Thus, these recommended techniques 615 
can shift livestock manure from a problem to an advantage while creating a circular economy 616 
with value-added crops. 617 
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